A new metabolite, 2,4-dihydroxyquinoline (DHQ), was identified in cultures of the bacteria Pseudomonas aeruginosa and Burkholderia thailandensis. We found that the biosynthesis of DHQ correlates with the presence of a functional PqsA, which is a product of the pqsABCDE operon responsible for the synthesis of 4-hydroxy-2-alkylquinolines (HAQs) in P. aeruginosa. However, DHQ is not a degradation product or precursor of HAQs. This finding sheds some light on the poorly understood biosynthesis pathway of HAQs, which includes important communication signals regulating the expression of virulence factors.
Introduction
Pseudomonas aeruginosa is a ubiquitous and versatile Gram-negative opportunistic bacterial pathogen primarily infecting immunocompromised individuals and those suffering from cystic fibrosis (Lyczak et al., 2000) . P. aeruginosa produces a large number of extracellular products, many of which are virulence factors (Kipnis et al., 2006) . The regulation of many of these virulence factors is controlled in a cell density-dependent manner through a process called quorum sensing (QS) (Rumbaugh et al., 2000; Juhas et al., 2005) , an intercellular communication system used by many bacterial species to regulate the expression of a wide variety of survival and virulence mechanisms in response to cell density (Fuqua et al., 2001 ).
We have discovered a unique regulatory and signalling mechanism required for the full virulence of P. aeruginosa. This newly identified intercellular communication system is based on the production of a group of extracellular 4-hydroxy-2-alkylquinolines (HAQs) Lé pine et al., 2004) . These include the intercellular signalling molecules 4-hydroxy-2-heptylquinoline (HHQ) and its hydroxylated derivative 3,4-dihydroxy-2-heptylquinoline, also known as the Pseudomonas quinolone signal (PQS), involved in the QS regulatory system (Pesci et al., 1999; McKnight et al., 2000; Diggle et al., 2003) . HAQs are primarily synthesised through the activity of enzymes encoded by the pqs-ABCDE and phnAB operons, both controlled by the MvfR transcriptional regulator (Cao et al., 2001; Gallagher et al., 2002; Dé ziel et al., 2004) . HHQ and PQS have recently been revealed as inducers of MvfR (Wade et al., 2005; Xiao et al., 2006a) . The production of a number of virulence factors and secondary metabolites known to be under the influence of the QS regulatory circuitry is reduced in an mvfR mutant (Cao et al., 2001; Gallagher et al., 2002; Diggle et al., 2003; Dé ziel et al., 2005) .
Anthranilic acid (AA) is the precursor of all HAQs and PhnAB is primarily responsible for its synthesis (Calfee et al., 2001; Dé ziel et al., 2004) . However, little is known about the exact role of the individual genes in the pqsABCDE operon. While, according to the P. aeruginosa genome annotation (www.pseudomonas.com), pqsBCD is related to 3-oxoacyl-wacyl-carrier-proteinx synthases and would then be involved in synthesis of the 3-keto fatty acid moiety (Gallagher et al., 2002; Bredenbruch et al., 2005) , PqsE is not required for the synthesis of HAQs (Gallagher et al., 2002; Dé ziel et al., 2004) . PqsA displays similarity with coenzyme A ligases, and more specifically with many enzymes that activate aromatic acids such as benzoate and 4-hydroxybenzoate, an indication that it might be involved in activation of the carbonyl of AA in the synthesis of HAQs. We report here that PqsA is also involved in the synthesis of 2,4-dihydroxyquinoline (DHQ), an extracellular metabolite that has not been described so far. with unlabelled AA. This ion exhibits a pseudomolecular ion wMqHx q at m/z 162 and corresponds to a compound derived from AA that cannot be extracted from the culture medium, even after multiple extractions with ethyl acetate, an indication that it is very polar.
Its MS/MS spectrum shows the loss of 18 Da (loss of water) from the wMqHx q ion ( Figure 1A ), to produce an ion at m/z 144. This ion further fragments with the loss of 28 Da (CO) to yield an ion at m/z 116, which then produces an ion at m/z 89 after the loss of 27 Da (HCN). The precursor molecule incorporates the aromatic ring of AA and likely contains the nitrogen of AA as well, considering the odd molecular weight of the molecule. Exact mass measurement of the m/z 162 ion using a Fouriertransform mass spectrometer (FT-MS) gave a value of 162.0548, which corresponds to an elemental composition of C 9 H 8 NO 2 . These observations are compatible with the structure of 2,4-dihydroxyquinoline (DHQ) (Figure 2 ). This was confirmed using authentic DHQ, which presents the same retention time and the same MS/MS spectrum (data not shown). The fragmentation sequence presented above was confirmed by FT-MS using sustained off-resonance irradiation (SORI). Using exact mass measurement, we confirmed that the ion at m/z 144.0444 (C 9 H 6 NO) fragments to produce only one ion at m/z 116.0494 (C 8 H 6 N), thus proving that the 28-Da loss observed in MS/MS corresponds to the loss of CO.
Using a calibration curve of commercial DHQ, the rate of DHQ production in a PA14 culture was measured (Figure 3) , which clearly indicates that DHQ production is initiated at the end of the logarithmic growth phase, like HHQ, the precursor of PQS. Under the specified growth conditions, DHQ production peaks at 26.9"0.96 mg/l at an OD 600 of 5.8. Production by P. aeruginosa strain PAO1 is similar, while strain PAK does not produce any detectable DHQ. We have previously shown that the latter strain does not produce HAQs (Lé pine et al., 2003) . DHQ was also found in cultures of Bulkholderia thailandansis strain E264, but at a much lower concentration (0.26"0.26 mg/l at an OD 600 of 7.5).
Genes involved in DHQ production
Feeding HHQ-d 4 or PQS-d 4 to a PA14 culture did not lead to labelling of DHQ, proving that DHQ is not a degradation product of these HAQs. The fact that AA is a precursor of both HAQs and DHQ, along with their structural similarities, prompted us to investigate whether enzymes required for the synthesis of HAQs could also be involved in the synthesis of DHQ. DHQ production by various PA14 mutants for the pqsABCDE genes was therefore investigated. While pqsA, pqsB, pqsC and pqsD are all essential for HAQ production (Gallagher et al., 2002; Dé ziel et al., 2004) , we found that only the pqsA -mutant does not produce DHQ. As expected, complementation of the pqsA -mutant with pLG14, a plasmid carrying pqsABC, restored the production of DHQ (0.20"0.022 mg/l). The pqsB -mutant, in which only pqsA is transcribed, produced 0.50"0.036 mg/l of DHQ, supporting the model in which PqsA is involved in the conversion of AA into DHQ. Importantly, the DHQ concentration increased to 1.2"0.066 mg/l when PQS was added to a pqsB -culture, showing that the enzyme sys- tem responsible for DHQ production is controlled by MvfR, for which PQS acts as an activator.
To support this genetic evidence pointing towards PqsA as an enzyme responsible for DHQ synthesis, 6-fluoroanthranilic acid (6-FABA), an inhibitor of PqsA activity, was fed to the bacteria. 6-FABA inhibits HAQ synthesis without affecting bacterial growth (Lesic et al., submitted for publication). Because of its structural analogy with AA, we believe that 6-FABA competitively hinders PqsA function by occupying its active site. Addition of 1.5 mM 6-FABA completely prevented DHQ production in strain PA14. In agreement with the presumed mode of action of this inhibitor, supplementation with 3 mM AA to a medium containing 1.5 mM 6-FABA partially restored DHQ production (1.97"0.14 mg/l), another indication that HAQs and DHQ share a common enzymatic pathway through PqsA.
Biosynthesis of DHQ
The DHQ biosynthetic pathway was then investigated. Knowing that the aromatic ring of AA is incorporated into DHQ, as shown above with AA-d 4 , we investigated whether the carbon of the carbonyl group is also conserved. A PA14 culture was fed 100 mg/l a 13 C-labelled AA. The observed m/z 163 peak displayed 101.6% of the intensity of the peak at m/z 162, while the natural 13 C abundance in DHQ yields a normal intensity of 10.5%. Therefore the ratio of labelled to unlabelled DHQ was 83.1%. When 100 mg/l AA-d 4 was fed to the bacteria, the ratio of labelled to unlabelled DHQ was 80.6%. This shows that the a-carbon of AA is incorporated to the same extent as the aromatic moiety of AA and that all the carbons of AA are incorporated into DHQ.
This leaves two carbon atoms unaccounted for in the biosynthesis of DHQ. To verify if these two carbons originate from the direct addition of acetate onto AA, PA14 cultures were supplemented with 1000 mg/l sodium acetate-2-13 C. The resulting m/z 163 peak had 35% of the intensity of that at m/z 162 (data not shown), and thus a labelled to unlabelled DHQ ratio of 24.5%. This indicates that at least one carbon from exogenously supplied acetate is incorporated into DHQ.
Two plausible DHQ precursors that include AA and an acetate moiety can therefore readily be envisioned: Nacetyl-AA and 3-(29-aminophenyl)-3-ketopropanoic acid (Figure 2 ). The first would be the N-acetylation product of AA, which could undergo cyclisation of the methyl group with an activated carbonyl of AA. The second could be the result of coupling of the methyl group of acetate onto the activated carbonyl of AA, followed by cyclisation of the acetyl carbonyl and the amine of AA. In both cases, direct incorporation of 2-13 C acetic acid would result in labelling at the 3-position of DHQ.
To determine the position of the label in DHQ when the bacteria were fed sodium acetate-2-13 C, it was necessary to determine whether the loss of CO originates from the 2-or the 4-position of DHQ. Thus, the m/z 163 ion arising from the a 13 C enriched AA feeding experiment was analysed by MS/MS ( Figure 1B) . The m/z 163 ion showed the same initial loss of water to produce the m/z 145 ion, which then mainly lost 28 Da to produce the m/z 117 ion. In this experiment, the 13 C label can only be in the 4-position, and because a loss of 29 Da was not observed, it can be deduced that the carbon in the 4-position cannot be the one involved in the loss of CO. Thus, the loss of CO originates from the other carbon bearing an oxygen at position 2. This also shows that the oxygen involved in the initial loss of water must originate from the 4-position.
We were also interested in identifying the second proton involved in the initial loss of water (Figure 4 ). This could be either one of the easily exchangeable protons on the nitrogen or hydroxyl, or the aromatic proton adjacent to the hydroxyl groups. Deuterium exchange was carried out to label the three easily exchangeable protons located on the nitrogen or the hydroxyl groups, and MS/ MS analysis of the wMqHx q ion was performed to determine whether the molecule loses 19 or 20 Da. After 1 h at room temperature in D 2 O containing 1% acetic acidd, we obtained an increase of 4 Da instead of exchanging only three protons. This fourth proton is likely the aromatic proton adjacent to the two hydroxyl groups, as it is a relatively acidic proton adjacent to two carbonyls in the tautomeric form represented in Figure 4 . Nevertheless, the MS/MS spectrum of the transient m/z 165 ion, which corresponds to the exchange of only three protons, shows predominantly the loss of 19 Da. This could only be due to loss of the slower exchangeable proton at position 3, adjacent to the two carbonyls (Figure 4) . The exchange of four hydrogen atoms in D 2 O implies that the molecule tautomerises into the diketo form to a considerable extent, as depicted in Figure 4 , and that the 2-carbon exists, at least transiently, as a carbonyl, which is reflected in the loss of CO from the m/z 145 ion.
When sodium acetate-2-13 C was added to the cultures, the intensity observed for the m/z 163 peak was 35% of that of m/z 162, instead of the 10.5% normally expected for naturally occurring Figure 1C ). Although the m/z 117 ion observed in this spectrum is relatively abundant compared to m/z 116, it arises mostly from the 28-Da loss from naturally 13 C enriched DHQ, which represents 30% of the mother m/z 163 ion and should represent 30% of m/z 116. As m/z 116 has twice the intensity of the m/z 117 ion, this implies that most of the label is at the 2-position. This is not in agreement with the scheme proposed in Figure 2 , or at least it indicates that if N-acetyl-AA is indeed the precursor, it is not the direct product of addition of the exogenously added acetic acid onto AA. Adding N-acetyl-AA to a PA14 culture did not increase the amount of DHQ produced. This leaves open the possibility that 3-(29-aminophenyl)-3-ketopropanoic acid could be a precursor of DHQ, although it cannot be formed by the direct addition of exogenously applied acetic acid onto AA.
A series of compounds containing two carbons were tested to determine if they could be precursors of DHQ. Oxalic and glycolic acid had no effect on DHQ production, but glyoxylic acid totally inhibited DHQ. It was thought that this effect could be rationalised by inhibition of the Krebs cycle glyoxylate shunt and that the precursor could be a product of the Krebs cycle. Indeed, itaconate also inhibits DHQ production. However, fumarate and oxaloacetate have no effect.
It is still possible that exogenously supplied AA is metabolised by the bacteria and transformed into another compound that is the precursor of DHQ. As AA is a precursor of tryptophan, this amino acid was added to the culture along with other known tryptophan metabolites to determine the effect on DHQ production. The metabolites tested were 2-aminoacetophenone, N-formylacetophenone, indole, skatole, kynurenic acid and indoleacetic acid. However, no increase in DHQ production was observed. Finally, 4-hydroxyquinoline was also tested to verify whether it could be the precursor of DHQ through simple hydroxylation at the 2 position, but the amount of DHQ did not increase either.
Two anthranilate synthases are present in P. aeruginosa: PhnAB, controlled by MvfR and the primary source of AA for HAQ synthesis, and TrpEG, which especially contributes to tryptophan synthesis (Essar et al., 1990) . A phnAB mutant is still capable of producing HAQs and DHQ, but at lower concentration (18.9"0.69 mg/l at OD 4.5) than the wild-type strain. A double trpE -phnAB -mutant grown in M63 minimal medium supplemented with 1% dextrose and tryptophan or AA still produces DHQ and HAQs, confirming that a third source of AA exists through degradation of tryptophan, apparently via the kynurenine pathway (Kurnasov et al., 2003) .
When 3 mM AA-d4 or a 13 C-AA was added to cultures, DHQ and all the HAQs were almost quantitatively labelled with an additional increase of 4 and 1 Da, respectively. Quantitative labelling of 4 Da was also found for DHQ and HAQs when tryptophan-d 5 was added to the same minimal medium. Therefore, endogenous production of AA by PhnAB and TrpEG caused the incomplete labelling of DHQ and HAQs observed when the wild-type strain or phnAB mutant was cultivated with AA-d 4 .
Biological activity of DHQ
Since PQS and HHQ act as inducers of the activity of MvfR (Wade et al., 2005; Xiao et al., 2006a) , we investigated whether DHQ could perform a similar function by activating transcription of the pqsABCDE operon. However, DHQ had no effect on the activity of the pqsA-lacZ reporter and DHQ supplementation did not alter the production of HAQs. In addition, DHQ does not increase the production of blue phenazine pyocyanin, in contrast to PQS (Diggle et al., 2003) . This behaviour is similar to the effect of the other principal HAQ produced by P. aeruginosa, HQNO (Dé ziel et al., 2004; Xiao et al., 2006a) . Instead, the latter molecule inhibits the growth of Grampositive bacteria (Machan et al., 1992; Dé ziel et al., 2004; Hoffman et al., 2006 
Discussion
It is interesting to find that such a simple molecule as DHQ, which is produced at up to 26.9 mg/l (Figure 3) by the widely studied bacterium P. aeruginosa, has not been reported previously, perhaps because this compound is insoluble in most organic solvents, and therefore is not easily isolated by simple extraction. The fact that DHQ is produced by the two HAQ-positive P. aeruginosa strains PAO1 and PA14, but not by the HAQ-negative strain PAK, first shows that there is a relationship between DHQ and HAQ production. This is further highlighted by the obser- vation that B. thailandensis strain E264, which produces some HAQ congeners as described in the B. thailandensis strain E30 (Diggle et al., 2006) and possesses a pqsABCDE homologue, also produces significant amounts of DHQ.
The fact that DHQ and HAQs share structural similarities and that they both have AA as a common precursor implies some common steps in their biosynthetic pathways. However, HAQ production requires all the genes of the pqsABCD cluster, while DHQ production only needs pqsA, as it is still produced in a polar pqsB -mutant, but is completely absent in a polar pqsA mutant. Complementation of a pqsA -mutant by a plasmid containing pqsA also restored DHQ production. The closing of the second aromatic ring of HAQs and DHQ with retention of the original carbonyl carbon of AA requires activation of this function. PqsA shows homologies with CoA ligases, and more specifically with CoA ligases involved in the activation of aromatic carbonyls, such as those of benzoate and 4-hydroxybenzoate. Bredenbruch et al. (2005) hypothesised that PqsA might be involved in the activation of the carbonyl of the 3-ketofatty acid precursor of HAQs. Our results rather show that PqsA is more likely involved in the activation of the carbonyl group of AA, as there is no fatty acid-derived alkyl chain in DHQ. This activation could directly occur on AA to produce an intermediate anthranilyl-CoA or occur after an eventual coupling between the AA nitrogen and the active ketone of the 3-ketofatty acid precursor ( Figure 5 ). The involvement of an anthranilyl-CoA ester in the biosynthesis of HHQ has already been suggested (Ritter and Luckner, 1971; Gallagher et al., 2002) . For DHQ, we initially hypothesised that acetate could be the source of the additional two carbons and that PqsA could be involved either in the final ring-closing reaction or in synthesis of the two putative precursors depicted in Figure  2 . Feeding the bacteria with acetate-2-13 C confirmed that at least one carbon from acetate is incorporated into DHQ, but detailed analysis of the various MS/MS spectra showed that exogenous acetate is not directly incorporated into AA, as the location of the label is not where it would be expected if exogenous acetate were directly incorporated into these two putative precursors. This also explains the relatively small ratio of labelled versus non-labelled compounds (24.5%) observed when acetate-2-13 C was added to the culture medium, even if a very high concentration (1000 g/l) of acetate was used.
The ratio of labelled versus non-labelled compounds when AA-d 4 was added, although more considerable than with acetate, did not exceed 1:1, despite the amount of AA-d 4 added (100 mg/l), even if we observed that all the carbon atoms of AA are incorporated into DHQ. One possibility is that the intracellular concentration of endogenous AA is much higher than the concentration added to the culture medium. This was later confirmed, as labelling was almost quantitative when the double mutant trpE -phnAB -was used. We were also able to confirm that tryptophan degradation contributes to the endogenous pool of AA using the double mutant fed labelled tryptophan, even though addition of a variety of tryptophan degradation intermediates did not lead to an increase in DHQ production. The fact that the ratio of labelled versus unlabeled compound in DHQ is the same as that observed for the HAQs in the same experiment rather indicates that it is more likely that DHQ and HAQs directly incorporate exogenous AA once diluted in the intracellular pool, rather than incorporating AA through one of its metabolites.
All these results indicate that AA is directly used by the bacteria for coupling with an as yet unidentified metabolite of acetic acid. The inhibitory effects of glyoxylate and itaconate support the hypothesis of the involvement of the Krebs cycle and/or the glyoxylate shunt in the generation of this metabolite. One of these coupling reactions involves PqsA, which acts by activating the carboxylate of AA, probably through the formation of a CoA thioester bond, as suggested by the amino acid sequence homologies of PqsA with aromatic CoA ligases. This could be observed through the inhibition of DHQ production by 6-FABA, an inhibition rescued by addition of more AA.
The precise biological role of DHQ remains to be determined. It is not involved in the regulation of MvfR activity or in the biosynthesis of HAQs and has no antimicrobial effects against a large range of microbial species.
Overall, the results of these experiments indicate that DHQ biosynthesis proceeds through the action of PqsA, an enzyme required for the biosynthesis of HAQs. The structure of DHQ strongly suggests that PqsA is involved in the activation of the carbonyl function of AA, a chemical step that is required for closing of the second aromatic ring of DHQ and HAQs. As HHQ and PQS are modulators of the activity of MvfR, which controls the expression of a large number of virulence factors, it is important to understand the initial steps of HAQ synthesis. The identification of DHQ as a metabolite produced through PqsA will help in defining the function of this enzyme.
Materials and methods

Chemicals
3,4,5,6-Tetradeutero-AA (AA-d 4 ) and anthranilic-a 13 C acid were from CDN Isotopes (Pointe-Claire, Canada). Sodium acetate-2-13 C, deutero-acetic acid, DHQ, and all other chemicals were from Sigma-Aldrich (Oakville, ON, Canada). N-Formylacetophenone was synthesised according to Hoenicke et al. (2002) .
Bacteria, plasmids, and culture conditions P. aeruginosa strains PA14, PAO1, and PAK and B. thailandansis strain E264 (ATCC) were used. PA14 pqsA, pqsB and pqsD mutants were TnphoA insertional mutants . pLG14, which is pUCP18 carrying pqsABC, was from Gallagher et al. (2002) , and pGX5 is a pqsA-lacZ transcriptional reporter (Xiao et al., 2006b) . A trpE (No. 40990) mutant was obtained from the non-redundant PA14 transposon library (Liberati et al., 2006) and used for construction of the double mutant trpE -phnAB -mutant, which was generated by allelic exchange using the suicide vector pEX18Ap and sucrose counterselection as previously described . Mutagenesis results in the deletion of most of phnAB and leaves 300 bp of the 59 end of phnA and 300 bp of the 39 end of phnB. The deletion was confirmed by PCR and sequencing. As expected, the double mutant trpE -phnAB -was not viable in minimal medium, as it is unable to produce AA, the precursor of tryptophan. Unless otherwise stated, all bacteria were cultivated in tryptic soy broth (Difco, Sparks, MD, USA) at 378C in a rotary shaker and samples were taken when cultures had reached an OD 600 between 5.0 and 5.5. Sample preparation was performed with methanol as previously described, using 5,6,7,8-tetradeutero-PQS as the internal standard (Dé ziel et al., 2005) . All experiments were performed in triplicate and the standard deviation is indicated.
Mass spectrometry
MS analyses were performed on a Quattro II (Waters, Mississauga, ON, Canada) triple-quadrupole mass spectrometer in positive electrospray ionisation mode. Collision-induced dissociation was performed with argon as collision gas at 2=10 -3 mTorr. The mass spectrometer was coupled to a HP 1100 HPLC system (Agilent Technologies, Saint-Laurent, QC, Canada) equipped with a 3=150 mm C8 Luna reverse-phase column (Phenomenex, Torrance, CA, USA). A water/acetonitrile gradient with 1% acetic acid was used as the mobile phase at a flow rate of 0.4 ml/min split to 10% through a Valco T-piece. Quantification of DHQ and other HAQs was performed in full-scan mode using PQS-d 4 as the internal standard. The elemental composition of fragment ions was determined using a 7-T FTMS instrument using SORI (Varian, Mississauga, ON, Canada).
